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of Pelvetia Zygotes
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Department of Biological Sciences, Purdue University, West Lafayette, Indiana 47907
Unidirectional blue light directs the rhizoid±thallus axis in the apolar zygotes of Fucus and Pelvetia. Here, it is shown
that blue light (but not red light) increased cyclic GMP levels of Pelvetia zygotes by about a factor of 2. When the increase
in cyclic GMP was blocked by a guanylyl cyclase inhibitor, photopolarization was also blocked. Bathing the cells in
a permeant cyclic GMP analog, which should tend to collapse intracellular cyclic GMP gradients, reduced the degree of
photopolarization. Growing the cells in the dark in a gradient of the analog caused the rhizoids to tend to form on the
low concentration side. It appears that the stimulation of the blue light photoreceptors on the side nearer the light
activates guanylyl cyclase and results in a transcytoplasmic cyclic GMP gradient that is necessary for polarization.
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INTRODUCTION tion if it is returned to the dark after the pulse. The densely
pigmented cells absorb nearly 99% of the effective blue light
within one cell diameter and the cells then germinate fromThe mechanisms by which cells develop polar axes are
the darkest region (Robinson, 1996b). While calcium andnot well understood. The recently fertilized eggs of the
calcium gradients (Berger and Brownlee, 1993; Robinson,brown algae have provided a particularly useful model for
1996a; Robinson and Cone, 1980; Robinson and Jaffe, 1975;studying this process (Goodner and Quatrano, 1993). When
Speksnijder et al., 1989) and actin (reviewed in Kropf, 1994)the eggs are released into seawater, they are radially sym-
seem to be involved in the polarization process, it is notmetric with respect to the centrally located nucleus. In the
known how these components are coupled to the primaryhours following fertilization, each cell acquires an axis and
phototransduction event. There is evidence that the photo-visibly breaks the symmetry by germinating at one site.
receptors are located in or adjacent to the plasma membraneAfter a period of growth, ®rst cell division occurs in a plane
(Jaffe, 1958). The intense self-absorption of blue light pro-perpendicular to the growth axis, which results in the for-
duces a strong gradient of photoreceptor activation withinmation of two highly unequal cells with quite different
the cell. Somehow this photoreceptor activation gradient isfates. One becomes the rhizoid (or holdfast), while the other
transformed into an oppositely directed calcium gradientgenerates the thallus, containing the reproductive struc-
and growth. We present evidence here that activation of thetures. While a number of external asymmetries can direct
photoreceptors increases cyclic GMP (cGMP), perhaps bythe formation of this axis, the cells are exquisitely sensitive
activating guanylylcyclase, and that the resulting gradientto light because they can respond to sources as weak as
of cGMP is essential for the polarization process.moonlight (Jaffe, 1958). In response to unilateral light, the
rhizoidal germination occurs on the side away from the
light source. This is a blue light effect and wavelengths
MATERIALS AND METHODSabove 500 nm are almost completely ineffective (Jaffe,
1958). The light need not be present continuously; a suf®-
ciently strong pulse of light can polarize an entire popula- Reproductive fronds of Pelvetia fastigiata were collected near
Santa Cruz, California and shipped to Indiana via overnight express.
The fronds were induced to release gametes into arti®cial seawater
(ASW) prepared as described previously (Robinson, 1996a) with the1 To whom correspondence should be addressed. Fax: (765) 494-
0876. E-mail: ken@video.bio.purdue.edu. addition of 2.5 mM NaHCO3. The cells were washed in ASW exten-
sively and dispersed into 35-mm plastic petri dishes (typically about2 Present address: Department of Molecular and Cellular Biology,
University of California, Davis, CA 95616. 75,000/dish, but always counted) and left in the dark for further
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development. About 5 hr after fertilization, the zygotes become zygote is about 180 pl (Speksnijder et al., 1989) so the aver-
suf®ciently sticky so that the ASW can be removed and replaced age concentration of cGMP is 0.10 mM, assuming that all
with other physiological solutions without disturbing the cells. For of the water is available to the cGMP. Similar RIA measure-
radioimmunoassay (RIA) measurements, the ASW was removed ments of cAMP gave levels that were below the limits of
and 1 ml of 0.4 M perchloric acid was added to the dish. After 30 detection (at least 50-fold lower than the cGMP levels).
min, the ¯uid and most of the cells, which were detached by the
A number of observations convince us that we were mea-acid, were collected in a 1.5-ml tube. Following centrifugation at
suring authentic cGMP. RIA is considerably more sensitive8000g for 10 min at 47C, 0.5 ml of clear supernatant was removed,
to acetylated cyclic nucleotides than to the native form.neutralized with 100 ml of 2.4 M KHCO3, and centrifuged at 8000g
The putative cGMP that was extracted from cells showedfor 10 min to pellet the K2CO3. From the neutralized sample, two
100-ml aliquots were removed, acetylated, and assayed for cGMP a similar shift when acetylated to the shift shown by added
content using a commercial RIA kit (Biomedical Technologies, Inc., cGMP. Upon the addition of the phosphodiesterase inhibi-
Staughton, MA). Standard curves were prepared with each set of tor, IBMX (3-isobutyl-1-methylxanthine), to Pelvetia zy-
samples using authentic cGMP, similarly acetylated, in amounts gotes, the basal level of cGMP increased by 50% (Table 1).
of 5±1000 fmole. Our samples generally fell between 70 and 280 Finally, the addition of PDE to the extracted samples re-
fmol. Identical procedures were followed for cAMP determinations duced the measured levels of cGMP to about one-fourth of
using the cAMP RIA kit from Biomedical Technologies, Inc. In one
basal levels (Table 1). In two of those experiments, 5.0experiment, cells were grown in ASW containing 0.04 mg/ml of
pmole of authentic cGMP was added to the cellular extractschloramphenicol. Basal levels of cGMP and the increase in response
and the measured levels of cGMP were compared to those into light were indistinguishable from those in cells grown in ASW
the extracts without additions. In those cases, the measuredwithout chloramphenicol. Organic reagents were obtained from
Sigma (St. Louis, MO) unless otherwise noted. cGMP in the cellular extracts was 2.8 { 0.5 pmole before
The procedure was modi®ed to permit the effects of phosphodies- PDE treatment and 0.8 { 0.1 pmole after PDE treatment.
terase (PDE) on the putative cGMP to be assessed. The cGMP was The measured cGMP in the extract with added cGMP was
extracted from zygotes and the samples neutralized as described 7.6 { 0.2 pmole before PDE treatment and 2.0 { 0.3 pmole
above. Hepes (®nal concentration 5 mM, pH 7.5), CaCl2 (1 mM), after PDE treatment. Thus, authentic cGMP was additive
and PMSF (1 mM) were added to 0.38 ml of the neutralized sample. to the putative cGMP in the extracts and was destroyed by
PDE (Sigma P6274) was added (0.045 units in a ®nal volume of 0.45
the PDE treatment to the same extent.ml) and the samples were incubated at 307C for 1 hr and then
Zygotes were exposed to light (50 mmole/m2/sec) by plac-heated to 1007C for 5 min in order to inactivate the PDE. Standards
ing them near a diffuse source of cool white light, and cGMPreceived the same additions, except for PDE, and were also heated.
was extracted and measured after various exposure times.Samples and standards were then acetylated and assayed as usual.
The heat treatment did not affect the standard curve. When heat- As shown in Fig. 1, cGMP levels rose steadily, compared to
treated PDE was added to samples containing known amounts of the levels in dark-grown cells of the same age. After 90 min
cGMP, it did not affect the measurement. of light exposure, the cGMP was 1.8 times that of the dark-
In order to expose cells to light of restricted wavelengths, open- grown cells, and after 150 min, cGMP was twice that of
ings were cut in cardboard ®lm boxes and ®tted with 50 1 50 1 dark-grown cells. We have analyzed the 90-min data (the
3-mm Schott colored glass ®lters (Melles Griot, Irvine, CA). Plat- time for which we have the most data) using a paired t
forms to hold 35-mm petri dishes near the center of the ®lters were
test (Sokol and Rohlf, 1981), which considers the differenceconstructed of Plexiglas for each box. For blue light, BG 28 ®lters
between the light and dark values rather than the ratio. Thiswere used. These ®lters have a peak transmittance of about 50%
test shows that the light-treated samples are signi®cantlyat 450 nm and less than 0.01% above 580 nm. For red light, RG
different from the dark-grown controls (P  0.001). The610 ®lters, which have a transmittance of less than 0.001% below
600 nm, were used. Neutral density ®lters were used with the red time course of the increase in cGMP correlates well with
®lters to reduce the light intensity to near that of the blue ®lters the polarization of a population of zygotes exposed to light
and ®ne adjustments were made by varying the distance of the ®lm under similar conditions. Cells are typically 50% polarized
boxes from the light source. Light measurements were made with at about 60 min and 90% polarized at 150 min (Robinson,
a LI-COR (Lincoln, NE) Quantum photometer, Model LI-185B. 1996a), and Fig. 1 (inset) shows the course of photopolariza-
Data are presented as means { standard errors (number of sam- tion of zygotes under identical white light conditions to the
ples) unless otherwise noted. In all experiments, the fraction of
those used in the cGMP determinations. The levels ofcells germinating was 95% or greater, including after treatment
cAMP in cells exposed to light for 90 min were below thewith LY 83583, DBcGMP, or DBcAMP.
limits of detection.
Because the polarizing effects of light are limited to the
blue region of the visible spectrum, we did a crude spectral
RESULTS analysis of the cGMP response. Using colored glass ®lters,
cells were exposed to light above 610 nm or below 500
nm from the same white light source used in the previousRadioimmunoassay measurements of cGMP levels of P.
fastigiata zygotes grown in the dark for 6±8.5 hr following experiments. The irradiance of the light was 5 mmole/m2/
sec in both cases. As shown in Fig. 1, blue light at thisfertilization gave an average value of 0.018 { 0.002 fmole/
cell (the mean and standard error of 85 independent mea- irradiance was as effective as the white light at 10 times
the irradiance and the ratio shown in Fig. 1 is signi®cantlysurements). The average water volume of a P. fastigiata
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TABLE 1
Effects of LY 83583, IBMX, and PDE on Pelvetia cGMP Amounts
cGMP/cell (fmol)
Treatment Light exposure [cGMP] treated/
Treatment performed on (white light, 50 mmol/m2/sec) [cGMP] control Treated Control
LY 83583 (10 mM) Cells 90 min 0.61 { 0.05 (9) 0.018 { 0.003 0.031 { 0.004
LY 83583 (10 mM) Cells None 1.14 { 0.07 (9) 0.019 { 0.003 0.017 { 0.002
IBMX (100 mM) Cells 90 min 1.54 { 0.16 (6) 0.042 { 0.005 0.028 { 0.004
IBMX (100 mM) Cells None 1.47 { 0.11 (3) 0.026 { 0.001 0.017 { 0.003
PDE (0.045 unit) Extract 90 min 0.28 { 0.02 (6)
Note. LY 83583 and IBMX were added to cells 30 min before the beginning of the light exposure, so the total duration of the exposure
to the drugs was 120 min. PDE was added to neutralized cell extracts as described under Materials and Methods. Column 4 gives the
ratio of cGMP in the treated samples to that in controls. The ratios were calculated for each experiment and then averaged to give the
displayed means. Columns 5 and 6 give the means of the cGMP in treated and control samples, respectively. The ratio of these means is
not identical to the means of the ratios shown in column 4.
greater than 1.0 (P 0.01, two-tailed Student's t test), while In order to disrupt putative cGMP gradients formed
by light, Pelvetia zygotes were exposed to unidirectionalred light had no statistically signi®cant effect (P  0.1).
Polarization studies using a 90-min exposure to these red light in the presence of 300 mM dibutyryl cGMP
(DBcGMP). This agonistic analog was added 30 min be-and blue light sources con®rmed that the red light had no
polarizing effect on Pelvetia zygotes (% polarization  2 { fore the start of a 90-min light pulse and was washed out
at the end of the light exposure. The cells were then3), while the blue light was highly effective (% polarization
 74 { 6). returned to the dark and scored the next day for the
percentage polarization as described in the legend to Fig.The drug, LY 83583 (6-(phenylamino)-5,8-quinolinedi-
one), is an inhibitor of soluble guanylyl cyclases (MuÈ lsch et 2. Similar experiments were also conducted using
DBcAMP. The presence of the cGMP analog interferedal., 1988). We found that at a concentration of 10 mM it
inhibited the increase in cGMP produced by a 90-min expo- modestly with the light response, while the cAMP analog
had no effect. With DBcGMP, the ratio of the percentagesure to 50 mmole/m2/sec of white light (Table 1). It had little
effect on the dark levels of cGMP. As shown in Fig. 2, LY polarization of the treated cells to that of untreated con-
trol cells was 0.60 { 0.08 (7), while for DBcAMP the ratio83583 is a potent inhibitor of photopolarization. At 10 mM,
it completely blocked photopolarization by a 90-min pulse was 1.03 { 0.05 (5).
In order to test the effects of imposed gradients of cell-of white light, and was half-inhibitory at about 3.5 mM,
which is close to the concentration that is reported to in- permeant cyclic nucleotide analogs, we made use of a
technique originally developed to study calcium ¯uxeshibit guanylyl cyclase by 50% in vitro (2 mM, MuÈ lsch et al.,
1988). Zygotes treated with LY 83583 under these condi- of Pelvetia zygotes differentially from the rhizoidal and
thallus regions (Robinson and Jaffe, 1975). The 75-mmtions germinated and grew normally. An inhibitor of adenyl-
ylcyclase, SQ 22536 (9-(tetrahydro-2-furanyl)-9H-purin-6- holes in a thin nickel screen can all be ®lled with cells
and the ®lled screen can be used as a barrier between twoamine) (Harris et al., 1979), had no effect on polarization at
10 mM. chambers. A test substance can thus be applied to one
side of a population of cells, while the other side is freeThe conclusion that emerges from these studies is that
the blue light photoreceptors in Pelvetia zygotes are coupled of the substance. The cells are allowed to develop in the
gradient in the dark, and the orientation of the rhizoid±to the cGMP-generating system, perhaps to guanylyl-
cyclase, and that an increase in cGMP is necessary for pho- thallus axes determined a day later. Because the screens
themselves are inherently asymmetrical (the holes aretopolarization. Because blue light is strongly absorbed by
the cells, it is expected that a gradient of cGMP would be conical and the zygotes are introduced from the side with
the wider openings, the upper side), experiments weregenerated, with the higher concentration near the plasma
membrane on the side of the cell facing the light source. If always performed in pairs, with the side receiving the
test substance being the ®lling side in one case and oppo-that gradient is necessary for the photopolarization process,
disruption of the gradient should cause a reduced response site the ®lling side in the other case. After germination,
the number of cells germinating on the upper and lowerto light. Conversely, if a gradient of cGMP could somehow
be imposed in the dark, it should lead to the polarization sides of each chamber was determined with equal num-
bers of cells scored in each chamber. This procedure al-of a population of zygotes, with the rhizoids forming oppo-
site the sides exposed to the higher concentration of cGMP. lowed for normalization with respect to the screens'
asymmetry, and the tendency of the cells to form theirWe have used the cell-permeant analogs of cGMP to test
these predictions. rhizoids toward or away from the side containing the test
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FIG. 1. The effect of red, blue, and white light on cGMP levels of Pelvetia zygotes. At 6 hr after fertilization, dishes containing the cells
were placed in light and the cGMP levels were determined at the indicated times. Control dishes (containing the same number of cells
as the light exposed ones) were left in the dark and assayed for cGMP at the same times. After the extraction of cGMP from each dish,
two 100-ml samples were assayed from each dish and the mean was calculated. These means were used to calculate the light-to-dark
ratios of cGMP shown in the ®gure. The number of independent determinations is given in parentheses next to each point. The error
bars show the standard error. The ®lled circles show the response to 50 mmole/m2/sec of white light, while the ®lled diamonds show the
response to a 90-min exposure to 5 mmole/m2/sec of either blue or red light. The absolute levels of cGMP in cells at exposed to white
light for 10, 30, 90, and 150 min were, respectively (in fmole/cell), 0.023 { 0.003 (7), 0.025 { 0.004 (20), 0.030 { 0.0002 (40), and 0.033
{ 0.005 (18), while the amounts in the dark-grown controls of the same ages were 0.020 { 0.006 (7), 0.018 { 0.003 (20), 0.019 { 0.003
(40), and 0.017 { 0.005 (18). The inset shows the polarization response of zygotes to 50 mmole/m2/sec under conditions identical to the
cGMP determinations. After exposure to light for the indicated times, the cells were returned to the dark. One day later, the location of
the origin of the rhizoids with respect to the light direction was scored as either toward the light or away from it. The percentage
polarization was calculated by subtracting the number growing toward the light from the number growing away from the light, dividing
the difference by the total number of cells scored, and multiplying by 100. Typically, 200 cells were scored in each dish and duplicate
dishes were counted for each time point. The results shown here are the average of three experiment with cell from two different collections
of Pelvetia.
substance for each pair of screens could be expressed as a DISCUSSION
number (the polarization effect, PE  number of rhizoids
forming on the sides higher concentration side in the Our ®nding that an increase in cGMP is required for pho-
topolarization of Pelvetia zygotes suggests a remarkable de-two chambers minus the number of rhizoids on the low
concentrations side, divided by the total number of cells gree of conservation of sensory mechanisms across biologi-
cal kingdoms. The vertebrate photoreceptor molecule, rho-counted) between 1.0 and 01.0, with positive values
meaning they polarized toward the test substance. When dopsin, is coupled to the physiological response of the
photoreceptor cell to light (hyperpolarization) by a G-pro-DBcGMP (300 mM) was the test substance, PE  00.28
{ 0.05 (3), indicating that the cells tended to form their tein that activates a phosphodiesterase, resulting in a de-
crease in the concentration of cGMP (Finn et al., 1996). Inrhizoids away from the DBcGMP. When DBcAMP (300
mM) was the test substance, PE  00.04 { 0.07 (3). The higher plants, phytochrome-regulated photomorphogenesis
appears to be controlled by cGMP and calcium (Bower eteffect of DBcGMP was statistically signi®cantly different
from zero (P  0.05, Student's t test), whereas DBcAMP al., 1994).
The proposed role for cGMP in Pelvetia photopolarizationhad no signi®cant effect (P  0.05).
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fold; however, if that increase is con®ned to a region near
the plasma membrane on the illuminated side of the cell,
the localized increase in concentration will be much larger
than twofold.
It is not clear how light-induced gradients of cGMP that
we infer might lead to the eventual formation of a rhizoid
on the side of the cell away from the light. It is known that
the calcium permeability of the future germination site is
considerably greater than the remainder of the plasma mem-
brane and that calcium ef¯ux is differentially activated on
the illuminated side (Robinson and Jaffe, 1975). Extracellu-
lar calcium entry is necessary both for photopolarization
and for rhizoidal germination and growth, and there is evi-
dence that cytoplasmic gradients of [Ca2/] exist and are nec-
essary for these processes. Further, it appears that calmodu-FIG. 2. The effect of the guanylyl- and adenylylcyclase inhibitors
lin is the downstream target of the calcium gradients.on the photopolarization of Pelvetia zygotes. Gametes were ob-
Changes in cGMP may act to organize an axis by directlytained as described, dispersed in 35-mm plastic petri dishes at low
gating ion channels or by regulating protein kinases. Thedensity and cultured in dark at 167C. At 6 hr after fertilization, LY
83583 or SQ 22536 (LC Laboratories, Woburn, MA), each dissolved direct activation of ion channels seems unlikely because
in ethanol at 20 mM, was added to the dishes while equivalent the membrane potential of Pelvetia zygotes does not change
amounts of ethanol were added to the controls. Thirty minutes in response to changes in illumination from dark to light
later, the dishes were placed near a source of cool white light (50 (Weisenseel and Jaffe, 1972). In any case, the putative cGMP
mmole/m2/sec). After 90 min of light exposure, the cells were gradients must result in oppositely directed calcium gradi-
washed with ASW and returned to the dark. The percentage polar-
ents and must surely involve feedback loops that act toization was determined as described in the legend to Fig. 1. Results
amplify an initially small asymmetry into the ®nal expres-were normalized by calculating the ratio of the percentage polariza-
sion of polarity. We tentatively propose the following hy-tion of treated cells to controls from the same shedding of gametes.
pothesis that is consistent with the data. Tracer ¯ux mea-These ratios were averaged to give the results shown in the graph.
surements suggest that asymmetrical calcium in¯ux in Pel-The percentage polarization of controls by the 90-min light pulse
was about 70% white dark-grown controls were randomly polar- vetia zygote polarization results from calcium channel
ized. Each point is the mean of at least three separate experiments redistribution, rather than the recruitment of new channels
with their respective standard errors. (Robinson and Jaffe, 1975). Perhaps the channels are ran-
domly distributed and immobilized in the dark due to cy-
toskeletal links. If light-driven localized increases in cGMP
were to free tethered calcium channels while low cGMP
levels led to accumulation and trapping of the channels, ahas an additional element not necessarily present in the
other biological systems mentioned above, that of spatial calcium gradient would form in the required direction. The
nature of a positive feedback loop is suggested by data fromlocalization. Pelvetia zygotes exposed to unilateral light
create a steep transcellular light gradient across themselves the vertebrate photoreceptor, where the activity of guanylyl
cyclase is inhibited by increasing [Ca2/] while light-stimu-and somehow convert that gradient to a morphological one.
The signaling molecules that are involved in the response lated phosphodiesterase activity is enhanced by increasing
[Ca2/] (reviewed by Koutalos and Yau, 1996).must have a distribution that represents the morphological
axis. While the molecular nature of the photoreceptor mole-
cules is unknown, there is evidence that they are in or ACKNOWLEDGMENTS
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